We demonstrate and characterize a highly linearly polarized (18.8 dB) narrow spectral emission (<80pm) from an all-fiber Tm laser utilizing femtosecond-laser-written fiber Bragg gratings. Thermallydependent anisotropic birefringence is observed in the FBG transmission, the effects of which enable both the generation and elimination of highly linearly polarized output. To our knowledge, this is the first detailed study of such thermal anisotropic birefringence in femtosecond-written FBGs.
Introduction
Interest in thulium (Tm) fiber lasers stems from their utility in applications such as directed energy, LIDAR, nonlinear mid-IR generation and a number of medical applications [1] [2] [3] . Tm:fiber gain media provide broadband emission from ~1.8-2.1 μm, with a high slope efficiency (80% theoretical [4, 5] , >65% experimental [6] ) when pumped with 790 nm diodes. Fiber lasers as an architecture have diffraction-limited beam quality, relative insensitivity to environmental variation, and efficient cooling due to the high surface-area-to-volume ratio of their structure [7, 8] . The incorporation of fiber Bragg gratings (FBGs) into Tm:fiber lasers enables compact and robust all-fiber systems with controlled and tailored spectral output [9] . All-fiber thulium lasers that incorporate FBGs have been demonstrated in both multimode [10, 11] and single-mode fibers [12] , with slope efficiencies as high as 55% [10] , narrow linewidths [13] and high levels of polarization [2, 14] .
Here we present a thulium all-fiber oscillator which produces highly linearly polarized output at ~2 μm, and a detailed analysis of how the laser's thermal properties affect its output characteristics. The high output polarization is achieved (without any explicitly polarizationselective elements) by independently temperature tuning the FBGs, which are written via femtosecond (fs) laser pulses into panda-type polarization maintaining (PM) fiber. The polarized output of this laser is desirable for applications such as spectral beam combining, where polarized beams are necessary to achieve high combining efficiency [15] , or in configurations that employ polarization insensitive elements such that polarization multiplexing can be employed to increase scalability by a factor of two [16, 17] .
The observed performance of the laser and a passive examination of the FBGs indicate the presence of an anisotropic thermal dependence of the FBG birefringence. Previously it has been reported that UV recorded FBGs in non-PM fiber show different levels of induced anisotropic birefringence for applied plane stress and strain [18] , and that stress applied to FBGs in PM fiber can cause varying levels of coupling between the x and y axes depending upon the angle at which stress is applied [19, 20] . It has also been noted that the structure of fs-written waveguides has a significant effect on the birefringent behavior of said waveguides [21] . Given these observed effects of stress, strain, and fs-writing on the behavior of birefringence in FBGs, it follows that the strain induced by thermal expansion or contraction in the FBG (in PM fiber) could yield an anisotropic dependence of the birefringence. Another report showed that for FBGs fs-written in standard single mode fiber operating at 1.5 µm there is no appearance of thermally dependent anisotropic birefringent behavior [22] , indicating something unique to the recording process and the fiber-type combination used here. This paper provides a detailed study of such anisotropic thermally dependent behavior, and its application to the generation of highly linearly polarized laser output.
Fiber Bragg gratings and fabrication
The FBGs used in this study are written in the center of 1-meter long sections of passive panda-type PM fiber with either low reflectivity (LR) or high reflectivity (HR). The fiber used in these experiments has core and cladding diameters of 10 µm and 130 µm respectively (Nufern PM-TDF-10P/130-HE). Traditionally manufactured FBGs use a UV recording process in photosensitive glass to create the Bragg grating [23] . Fs-written FBGs, unlike UV recorded FBGs, do not require the use of photosensitive fiber. Independent of the fs-writing process, FBGs in PM fibers exhibit two reflectivity peaks because of the fiber's birefringence: one peak each for fast and slow axes. The spectral offset of these peaks is determined by the degree of fiber birefringence and the grating period. And due to the nature of the fs-writing process, it is possible for FBGs of the laser-written type to have different level of reflectivity for each axis [23] .
The FBGs used here are second order gratings fabricated using 250 μJ pulses projected through a phase mask with a 2.715 μm period [24, 25] . They are written by translating the fiber with respect to illumination source at a velocity of 0.05 mm/min for the HR FBG and 1 mm/min for the LR FBG. The wavelength splitting (spectral offset) for the fast and slow axes is expected to be Δλ = 2Λ·Δn ≈1.9 nm (where Λ is the grating period of 2.715 μm and Δn = 3.5·10 −4 ). The FBGs were characterized passively using an optical spectrum analyzer (Yokogawa AQ6375) to measure the transmission of an isolated broadband ASE source through each FBG. The optical isolation of the ASE source is performed using a fiber-coupled isolator spliced between the ASE source and the FBG. Transmission is measured along each fiber axis as a function of temperature ( Fig. 1) , and the temperature of the FBG is controlled by mounting it directly on a thermoelectric cooling device (TEC).
The reflectivity of the LR FBG is <30% and its transmission signal is difficult to isolate from the background noise, so an FFT filter was applied to smooth the data (the data before and after smoothing is shown in Figs. 1(c) and 1(d)). The modulation noise in the spectrum is associated with the fiber-coupled isolator placed between the ASE source and the FBG, and is present in both the HR and LR FBG measurements. However, the signal-to-noise ratio is lower in the measurement of the LR FBG, therefore necessitating the FFT smoothing.
Considering Fig. 1 , a red-shift in the reflectivity is evident for both the axes of the HR FBG, which changes at a rate of 30 pm/°C along the slow axis and 13 pm/°C along the fast axis. The differing rates of change in reflectivity with temperature indicate the birefringence in the core is temperature dependent. The LR FBG showed a red shift of 12 pm/°C along the slow axis, but exhibited a blue shift of 15 pm/°C along the fast axis.
Due to the different rates of change in spectral reflectivity, the separation between the resonances along fast and slow axes for the HR FBG increased from 270 pm at 15 °C to 600 pm at 35 °C, and for the LR FBG increased from 800 pm at 15 °C to 1.130 nm at 35 °C. All of these values are significantly smaller than the a priori estimated spectral separation of 1.9 nm.
Laser configuration and experimental set up
The laser architecture is all-fiber, with the pump diode spliced directly to the cavity formed by the FBGs (Fig. 2(a) ). The pump diode is fiber coupled and has a maximum output of 35 W at 790 nm (DILAS Diode Laser, Inc.). Its output is spliced to the 1 m passive fiber containing the HR FBG, where the portion containing the FBG is mounted directly on a TEC. The other end of the HR FBG fiber is spliced to a 2 m section of PM active (Tm-doped) fiber with the same dimensions and characteristics as the passive fiber. The opposite end of the active fiber is then spliced to the passive fiber containing the LR FBG. A 90° axial rotation is introduced between the active fiber and the fiber of the LR FBG such that their stress rods are oriented orthogonally with respect to each other ( Fig. 2(b) ). The 90° axial rotation physically aligns the slow axis of the HR FBG to the fast axis of the LR FBG, and the fast axis of the HR FBG to the slow axis of the LR FBG, such that the laser wavelength is determined by the overlap between the spectral reflectivities of the physically aligned (paired) axes [26] . The LR FBG is also mounted on a TEC, and the output end of the passive fiber containing the LR FBG is angle cleaved to prevent parasitic lasing. The active fiber is wrapped on an 11 cm diameter mandrel that is water-cooled to 13 °C. The temperature of each FBG is controlled independently in steps of 2.5 °C from 15 to 35 °C.
The output light is collimated and transmitted through a dichroic mirror to filter out the remaining pump light, after which the total signal power is measured. The light is then passed through a half-wave plate in a rotation mount, and a polarizing beam cube (PBC). The degree of polarization is measured by taking the ratio of the maximum and minimum power transmitted through the PBC, and spectral measurements are taken at the same point using the optical spectrum analyzer. Spectrum and polarization are measured for all temperature permutations at a set pump power.
Laser performance and characterization
The laser had a slope efficiency of 42.4% (Fig. 3(a)) , demonstrating a small level of pump cross-relaxation [6] . In the case where the polarization is highest (HR FBG at 15 °C, LR FBG at 17.5 °C), the spectral width of the output is <80 pm FWHM at 1958.3 nm (Fig. 3(b) ). The polarization and output wavelength of the system are measured as the temperatures of the FBGs are adjusted. In most temperature permutations, the laser had a highly linearly polarized output with an average polarization of 14.7 dB and a peak value of 18.8 dB (Fig.  4(a) ). However, in the range where the HR FBG temperature is minimum (15 °C) and the LR FBG temperature is close to maximum (32.5 °C), the polarization is reduced to a minimum value of 1.8 dB, and two peaks separated by 290 pm are visible in the output spectra. In contrast, an otherwise identical system without the 90° axial rotation showed a low degree of polarization (Fig. 4(b) ) in nearly all temperature permutations (average polarization of 3.7 dB), except when the HR FBG was at 35 °C and the LR FBG was at 15 °C (max polarization of 17.2 dB).
In the system with the 90° axial rotation, temperature tuning of the HR FBG alone (LR FBG held at a fixed temperature) induced a 0.2 pm/°C wavelength redshift for the longer output wavelength, and a 8 pm/°C redshift for the shorter output wavelength (Fig. 5) , where the longer wavelength is associated with the HR FBG fast axis/LR FBG slow axis, and the shorter wavelength with the HR FBG slow axis/LR FBG fast axis. Tuning the LR FBG in the same fashion (HR FBG held at a fixed temperature) yields a wavelength dependence of 15 pm/°C redshift for the longer wavelength, and 8 pm/°C redshift for the shorter wavelength. The rate of change with temperature in the laser output wavelengths is different than the rate of change of the peak reflectivity of the FBGs, which was measured passively. Fig. 5 . Wavelengths present in output spectrum at all temperature permutations (fixed pump power), where the upper surface is the longer output wavelength (continuous at all temperatures) and the lower surface is the shorter output wavelength (discontinuous). The shorter wavelength is discontinuous because it is not present in cases of high linear polarization.
Analysis of birefringent behavior and temperature tuning results
The FBG characterization and the laser performance together indicate that thermallydependent birefringence affects the amount of spectral overlap between the physically paired axial reflectivity peaks, and thus determines the laser's output wavelength and polarization. In the case where the stress rods of the HR and LR FBGs are aligned parallel to each other, the slow axis reflectivity of each FBG is paired, and the same with the fast axis. Rotating one of the FBGs along the optic axis by 90° degrees respective to the other (stress rods orthogonal) changes the pairing of the axial reflectivities, slow to fast and fast to slow respectively. The differing rates of change in the peak reflectivity of each FBG, and along each axis, are what generate the different spectral and polarization characteristics in each configuration.
Two specific temperature permutations, one demonstrating high and the other low linear polarization, are shown for the orthogonal laser configuration (Fig. 6 ). In the case of a high degree of polarization (Figs. 6(a) and 6(b) ) the passively measured reflectivity peaks are plotted for the fast and slow axes of the HR and LR FBGs as they are paired in the laser cavity. Comparing the two spectra, the fast axis of the HR FBG and the slow axis of the LR FBG (Fig. 6(b) ) have a higher degree of overlap than the other (HR fast to LR slow) axial pairing ( Fig. 6(a) ). Experimentally, this condition produced a single spectral peak at 1958.30 nm associated with the fast axis of the HR FBG and the slow axis of the LR FBG (Fig. 6(b) ). Note that the additional heating of the FBGs under laser operation as compared to the passive case is the most likely cause of the offset between the reflectivity peak overlap and the lasing wavelength that is seen in Fig. 6(b) .
In the case with low polarization (Figs. 6(c) and 6(d)) two spectral peaks are observed, one along each axis at 1958.18 and 1958.47 nm. In this case, the reflectivity overlap of the HR fast/LR slow axes has decreased enough that it no longer dominates the other pairing, and therefore allows the second axis to oscillate simultaneously. There is a feature in the transmission of the LR FBG around 1959.9 nm that appears along the fast axis at 30 °C which is not visible at 20 °C ( Fig. 1(d) ). To establish whether this feature is a result of the modulation noise from the isolator, or if it is a part of the transmission spectrum of the FBG, another case with high polarization where the LR FBG is held at 30 °C is examined (Fig. 7) . As can be seen, the pairing of the HR fast axis with the LR slow axis has a very high overlap; however, the overlap between the LR FBG spectral feature at 1959.9 nm and the HR FBG slow axis also appears very high. Since this case shows high level of polarization (only a single spectral peak along the HR FBG fast axis) it would appear that this feature is the result of modulation noise, and not a real spectral feature of the LR FBG.
A similar analysis can be made in the case where all stress rods in the laser system are aligned. The polarization level of this system at different temperature permutations was shown in Fig. 4(b) . In this case a high degree of polarization is generated only in one temperature permutation (HR FBG at 35 °C and LR FBG at 15 °C). If there were no anisotropy in the birefringence it would be impossible to vary the degree of polarization because both axes would maintain the same level of spectral overlap at all temperature ranges. It is only the differing temperature tuning rates of the slow and fast axes that allows one axis to develop greater spectral overlap than the other to the point where it dominates and yields a single spectral peak and high linear polarization. An examination of the spectral overlap of the lone high linear polarization case shows that one axis (fast) has better overlap than the other axis (slow), and the various low polarization cases show a good overlap of both axial pairs. These observations also support our understanding of how high linear polarization is being generated. Regarding the previously noted blue shift of the LR FBG fast axis, the observed spectral overlaps correspond with a high level of agreement with the levels of polarization measured. This would appear to indicate that the blue shift is a real effect and not a spurious result of the modulation noise. The physical mechanisms that could induce such a behavior are a point of great interest and the subject of further investigation.
Conclusion
A laser is demonstrated using fs-laser-written FBGs in which a spectrally narrow laser output (<80 pm) with high degree of polarization (18.8 dB) can be generated without any intra-or extra-cavity polarization selective elements. The high degree of polarization of this system is useful for applications which require a highly polarized all-fiber 2 µm source without additional polarizing elements. Relative axial rotation and temperature tuning of FBGs is used to alter the spectral overlap of the aligned axes, and create a high level of polarization when one pair of axes has a significantly greater spectral overlap than the other pair.
As a result of the analysis of the laser performance and the FBGs under passive conditions, it was determined that there is a thermally anisotropic birefringence in the fswritten FBGs, including the presence of a blue-shift along the fast axis of the LR FBG. Because of this it is possible to generate a significant level of polarization through temperature tuning alone (no axial rotation). This is the first reported analysis of such behavior in fs-written FBGs, and the physical mechanisms of this behavior are the subject of on-going investigation.
